M
ucopolysaccharidoses (MPS) type I and type IIIB are autosomal recessive disorders caused by mutations in the genes encoding ␣-L-iduronidase and ␣-N-acetylglucosaminidase, respectively. Both enzymes are required for degradation of glycosaminoglycans (GAG): ␣-L-iduronidase for dermatan sulfate and heparan sulfate, and ␣-N-acetylglucosaminidase for heparan sulfate. In the absence of either of these enzymes, the undegraded or partially degraded GAG accumulate in lysosomes, giving rise to cell and tissue pathology and to devastating clinical consequences (1) . The clinical manifestations of MPS IIIB (Sanfilippo syndrome type B) are seen primarily in the central nervous system, with profound mental retardation, behavioral disturbances, and neurodegeneration; death usually occurs in the second decade. The manifestations of MPS I (Hurler, Hurler-Scheie, and Scheie syndromes) are more varied and affect many organs, including skeleton, joints, eyes, heart, liver, and spleen in addition to the central nervous system. Profound mental retardation and death in childhood are seen only in the most severe form of MPS I (Hurler syndrome). The less severely affected MPS I patients have normal intelligence and a lifespan ranging from two decades to near normal (HurlerScheie and Scheie).
The cellular and molecular mechanisms by which lysosomal storage of GAG can lead to neurodegeneration are not understood. The availability of mouse models of both MPS makes it possible to investigate such questions. Earlier studies have shown that neurons of mouse models of MPS I (2, 3) and MPS IIIB (4) contain storage vacuoles and that other cells in the brain are also affected. There is prominent storage in microglia (4) , as well as a marked increase of reactive astrocytes in the MPS IIIB mice (5) .
Microglia (cells of the monocyte͞macrophage lineage in the brain) have been implicated in the pathogenesis of a number of neurodegenerative conditions, including Alzheimer's disease, HIV dementia, and multiple sclerosis (6) . As part of the innate immune defense mechanism, microglia can defend the central nervous system against damage, but they can also produce neurotoxic substances (6) (7) (8) (9) (10) . Involvement of microglia in the pathogenesis of a lysosomal storage disease was shown in the mouse model of Sandhoff disease (11) . The appearance of activated microglia was found to precede the massive apoptosis that occurs in these mice. Bone marrow transplantation, and the resulting migration of healthy donor microglia to the Sandhoff mouse brain, led to suppression of activated microglia and to a delay of neuronal death, even though neuronal G M2 ganglioside storage was not decreased. It was suggested that the damage to neurons caused by the primary defect (lysosomal storage) was exacerbated by the inflammatory response of microglia. Involvement of microglia has also been suggested in mouse models of two other lysosomal storage diseases: metachromatic leukodystrophy (12) and Niemann-Pick disease type C (13) .
In view of the implications of microglial involvement for the pathogenesis as well as the potential treatment of MPS, we have undertaken a study of these cells in the brain of mouse models of MPS I and MPS IIIB.
Methods
Animals. The mouse model of MPS IIIB, in which the Naglu gene is disrupted in exon 6, has been described (4). The mouse model of MPS I was generated by disruption of the Idua gene by insertion of the neomycin resistance gene on a tk (herpes simplex virus thymidine kinase) promoter into the unique BstEII site (blunt-ended) in exon 6, in the opposite orientation. Both mutant genes were placed onto a C57BL͞6 inbred background by repeated back-crossing. The phenotype of our MPS I mice is similar, though not identical, to that described earlier (2, 3) , perhaps because of the greater inbreeding. The animal studies were approved by the University of California, Los Angeles, Animal Research Committee.
Tissue Preparation for Light Microscopy. Before dissecting the brain, mice were deeply anesthetized with 100 mg͞kg pentobarbital, then perfused through the left ventricle with PBS, pH 7.4. For frozen sections, the brains were submerged in Tissue-Tek Optimal Temperature Cutting Compound (Sakura Finetek, Torrance, CA) for freezing and kept at Ϫ80°C before sectioning in a cryostat. For vibratome sectioning, the brains were postfixed in 4% formaldehyde overnight and stored at 4°C in 70%
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ethanol. Frozen and vibratome sections were 7 and 40 m thick, respectively.
Electron Microscopy. Mice anesthetized as above were perfused with PBS, followed by PBS containing 4% formaldehyde and 0.1% glutaraldehyde. The brain was rapidly removed, and 500 m-thick slices in the coronal plane were fixed overnight at 4°C in 4% paraformaldehyde͞2% glutaraldehyde in PBS, and then for 2 h on ice in 1% OsO 4. The slices were then processed, embedded in Spurr resin by standard protocols, and cut to 30-40 nm. Sections were stained with uranyl acetate and lead citrate by standard procedures and analyzed in a JEM-1200EX electron microscope (JEOL) at ϫ3-6,000 magnification.
Reagents for Staining. A rat monoclonal antibody against mouse macrophages͞monocytes (MOMA-2) and a rat monoclonal antibody against mouse CD68 (macrosialin) were purchased from Serotec. Goat polyclonal antibodies against Lamp-1 and Lamp-2 were purchased from Santa Cruz Biotechnology. A mouse monoclonal antibody against G M3 ganglioside was purchased from Seikagaku America (Falmouth, MA). Rabbit anti-mouse IFN-␥ and rabbit anti-mouse IFN-␥ receptor chain 1 were from PBL Biomedical Laboratories (New Brunswick, NJ). These reagents were used at the concentration recommended by the supplier. For secondary antibodies, biotin-labeled F(abЈ) 2 for staining and FITC and TRITC-labeled F(abЈ) 2 for fluorescence were obtained from Jackson ImmunoResearch. Goat Fab antimouse IgG and goat Fab anti-mouse IgM were also obtained from Jackson ImmunoResearch. FL (bodipy)-pepstatin A, a fluorescent probe for cathepsin D, was purchased from Molecular Probes. Griffonia (Bandeireae) simplicifolia isolectin IB 4 , a probe for ␣-galactosyl groups and a macrophage marker, was purchased from Sigma.
Immunostaining. Sections were preincubated sequentially for 30 min with PBS, 5 min with PBS containing 0.1% H 2 O 2 , and 5 min with PBS. To minimize nonspecific staining, the sections were incubated for 30 min with a mixture of goat Fab anti-mouse IgG and anti-mouse IgM in PBS, followed by 30 min in blocking solution of PBS containing 2% BSA for anti-G M3, or 2% BSA plus 0.1% Triton X-100 for other antibodies. The sections were then reacted overnight with primary antibody in blocking solution and washed for 30 min with PBS. For visualization by light microscopy, the sections were reacted for 30 min with secondary antibody conjugated to biotin. Color was developed by the avidin-biotin-peroxidase method (ABC Elite kit, Vector Laboratories) with diaminobenzidine (DAB) or VIP (Vector Laboratories) as chromogen. For visualization by fluorescence, the sections were reacted with secondary antibody conjugated to fluorescent dye, FITC or tetramethylrhodamine B isothiocyanate (sequentially for double staining). Staining was observed by fluorescence microcopy (DIA PHOTO, Nikon Instruments) or by confocal laser scanning microscopy (Leica). Some sections were counterstained with Hoechst dye 33342 (Molecular Probes). Staining for G. simplicifolia isolectin IB 4 and for cathepsin D was performed as per instructions of the suppliers.
Microarray Analysis. After death, the brain was removed, and cortex was dissected. The cortexes of three ϩ͞ϩ or of three Ϫ͞Ϫ mice, age 3 months, were pooled. Total RNA was isolated with Trizol Reagent (Invitrogen) by the supplier's instructions. Synthesis of cDNA and biotin-labeled cRNA, fragmentation, and hybridization were performed according to the Affimetrix Genechip Expression Analysis Technical Manual (Affimetrix, Santa Clara, CA). Briefly, 20 g of total RNA was used for cDNA synthesis using the Superscript II cDNA synthesis kit (Invitrogen); the cDNA was then cleaned by Phase Lock Gel Centrifugation (Eppendorf). Biotin-labeled cRNA was synthesized by in vitro transcription of the cDNA with the Enzo BioArray High Yield RNA transcript labeling kit (Enzo Diagnostics), fragmented, and then hybridized to duplicate Affimetrix Murine Genome U74v2, GeneChip A. The chip contains probe sets for 12,000 full-length mouse genes and EST clusters. Hybridization and scanning were done by the University of California, Los Angeles, Microarray Core facility, with the Affimetrix Fluidic Station 400 and Gene Array scanner. Analysis was performed by using the Affimetrix Microarray Suite version 4.0. Only genes with a Ͼ1.7-fold increase and flagged as Present were considered significantly increased over the wild type.
Northern Blot Analysis. Aliquots (5 g) of total RNA (obtained from the cortex of individual mice) were used for Northern blot analysis. The RNA was subjected to electrophoresis on a 1% agarose-formaldehyde gel and blotted onto a nylon membrane. Templates for the synthesis of riboprobes, 250-300 bp long, were generated by PCR with oligonucleotide primers from the coding region of each gene. Reverse primers contained a T7 promoter sequence. 32 P-labeled riboprobes were prepared with Maxiscript T7 labeling kit (Ambion, Austin, TX). Radioactivity was visualized and quantitated with a PhophorImager (Molecular Dynamics) and normalized to ␤-actin.
Results
Morphological Evidence of Microglia. Electron microscopic examination of the cortex of an MPS IIIB mouse shows microglia that are sometimes apposed to neurons (Fig. 1) . The microglial cell, identifiable in the electron micrograph by the shape of the nucleus, has enormous vacuoles that appear empty or contain some flocculent material and have the characteristic appearance of lysosomes engorged with GAG. The adjoining neuron, on the other hand, has very small vacuoles filled with denser material. Unattached microglia have similar morphology. Similar images were seen in the cortex of MPS I mice (data not shown).
The identification of the perineuronal cells as microglia was confirmed by staining with G. simplicifolia isolectin IB 4 ( Fig. 2A) or MOMA-2 (Fig. 2B) , reagents that specifically recognize cells of the macrophage͞monocyte lineage (14 -16). MOMA-2-positive microglia appeared in the cortex of MPS IIIB mice between 2 weeks and 1 month, and increased over time (Fig. 3A) ; they were not seen in the cortex of wild-type mice at any time (Fig. 3A) or of heterozygous mice up to 3 months, the only ages examined (not shown). MOMA-2-positive cells were also seen in other parts of the brain, but in lesser number (not shown). The MOMA-2 cells were also present in the brain of MPS I mice, but in lower number and with later appearance (Fig. 3B) . However, they remained sparse in both mouse models (Figs. 2 C and D  and 3B) .
The MOMA-2-positive cells in both mouse models stained intensely for lysosomal markers. Staining by MOMA-2 coincided with immunohistochemical staining of Lamp-1 (Fig. 2 E-G) as well as of Lamp-2 (data not shown), both lysosomal membrane proteins. The colocalization observed by confocal microscopy suggests that the MOMA-2 antigen and Lamp-1 are present in the same intracellular organelles. The MOMA-2-positive cells also stained with pepstatin-A, an inhibitory peptide that can be used as a probe for the soluble lysosomal enzyme cathepsin D (data not shown). Such strong immunostaining of lysosomal membrane and soluble proteins is in agreement with the presence of the very large storage vacuoles (lysosomes) seen in the microglia (Fig. 1) .
The MOMA-2-positive cells also showed immunostaining for G M3 ganglioside (Fig. 2 H-J) . The colocalization was not absolute in that not all MOMA-2 cells stained for G M3, and not all cells staining for G M3 were microglia. Some neurons were also stained by the antibody (not shown).
Although MOMA-2 staining was seen in relatively few cells of younger mice, particularly of the MPS I model, immunostaining of macrosialin, the murine homolog of CD68 and a marker of cells of the macrophage lineage, showed a profusion of positive cells in mutant mice of both genotypes at 3 months (Fig. 2 K and  L) and even as early as 3 weeks (data not shown). No CD68͞ macrosialin-positive cells were seen in the parenchyma of the cortex of normal mice (Fig. 2M) . However, CD68͞macrosialin-positive staining was seen in both normal and mutant mice in cells lining the capillaries and in the corpus callosum (not shown).
Preliminary experiments showed that immunostaining for IFN-␥ was increased in the cortex of MPS IIIB mice relative to control mice (Fig. 2 N and O) , as was immunostaining for IFN-␥ receptor 1 (Fig. 2 P and Q) . The staining was present in microglia and perhaps also in neurons, but because of the close apposition of microglia and neurons, the identification of the cells is not definitive. The transcripts shown in bold are those increased in both mouse models. *Average fold increase over normal. 
Molecular Evidence for Microglial Involvement.
Microarray analysis showed that a number of transcripts were present at a level significantly higher in the cortex of MPS IIIB and MPS I mice than in the cortex of control mice (Table 1) . Of the 39 transcripts increased in MPS IIIB mice and 17 transcripts increased in MPS I mice, 13 were increased in both mouse models (Table 1 , shown in bold). One of the transcripts increased in both is glial fibrillary acid protein, a marker of activated astrocytes, whereas another, granulin, is of unknown cellular origin. The others are transcripts produced by, or enriched in, cells of the macrophage͞monocyte lineage.
Northern blot analyses of selected transcripts confirmed the increase observed by microarray and showed that the mRNA levels were significantly elevated in the cortex of MPS I and MPS IIIB mice as young as 1 month of age ( Table 2 ). The elevated level persisted for up to 9 months for those transcripts that were examined in older mice.
Discussion
Our interest in microglia in the brain of the mouse models of MPS I and IIIB was prompted by the remarkable appearance of perineuronal microglia in electron micrographs. Similar pictures had been shown for the brain of a canine model of MPS I (17) and of a mouse model of MPS IIIA, a deficiency of heparan N-sulfatase (18) . The enormous and nearly empty inclusions in the microglial cell, characteristic of lysosomes loaded with GAG, contrast with the small inclusions in the neuron to which it is apposed. Many microglia not apposed to neurons have similarly large inclusions. The basis of the difference in storage between neurons and microglia is not known, but we surmise that the large amount of undegraded GAG stored in microglia is not just of endogenous origin, but is also acquired by scavenging from the environment or by phagocytosis of dead or damaged neurons.
Identification of the perineuronal cell as a microglia was confirmed by its reactivity with G. simplicifolia isolectin IB 4 and with MOMA-2. The isolectin has long been used to identify macrophages (14) and microglia (15) , and is greatly increased on activation of these cells. It reacts with ␣-galactoside residues on an unidentified membrane glycoprotein(s). MOMA-2 is a monoclonal antibody that had been selected to react with mononuclear phagocytes (16) . The original study showed that it reacted with monocytes and most tissue macrophages (although not microglia) of normal mice, and that it was localized to the same cells as acid phosphatase. It was later shown to stain only a subset of macrophages (19) . The only non-macrophage cells reported to react with MOMA-2 are 3T3-L1 cells during their phagocytic preadipocyte stage (20) . In the brains of MPS IIIB and MPS I mice, MOMA-2 reactivity was found on a relatively small number of cells that also stained strongly for lysosomal proteins (Lamp-1, Lamp-2, and cathepsin D). Confocal microscopy indicated localization of MOMA-2 in the same subcellular organelles as Lamp-1, a lysosomal membrane protein. Taken together, the data suggest that MOMA-2 reactive cells in the mouse models represent a subset of microglia that are phagocytic and have a strongly developed lysosomal system, and that the unknown antigen of MOMA-2 is probably a lysosomal protein.
The phagocytic nature of the MOMA-2 microglia may explain the enrichment of G M3 ganglioside in these cells. Ganglioside G M3 , and to a lesser extent ganglioside G M2 , are present in excess amount in the brain of animal models (3, 4, 21) and of humans patients affected by MPS I and MPS III B (22, 23) . Although G M3 ganglioside is ubiquitously made, it is both a precursor and a degradation product of the more complex gangliosides (such as G M2, G M1, and the di-and tri-sialylated gangliosides) that are especially abundant on neuronal membranes (24) . The microglia may have acquired the excess ganglioside G M3 by phagocytosis of neurons that had undergone normal apoptosis during development or of neurons that had been damaged by the disease.
Although MOMA-2-positive cells are limited in number, increase slowly over the lifetime of the mouse, and are more numerous in MPS IIIB than in MPS I mice, CD68͞macrosialin-positive cells appear in large number at 1 month or even earlier (data not shown), and in roughly equal numbers in the two mouse models. Macrosialin, the murine homolog of CD68, is related to the lysosome-associated membrane glycoprotein (Lamp) family of endosomal-lysosomal proteins, and is restricted to cells of the macrophage lineage (25) . The immunohistochemical appearance of CD68͞macrosialin corresponds temporally with a doubling of its transcript, as seen on microarray and Northern blots.
Coinciding with an increase in the transcripts for CD68͞ macrosialin, there is an increase in both mouse models of other transcripts associated with cells of the macrophage͞monocyte lineage. Cathepsin S is preferentially expressed in such cells (26) , as is lysozyme M (27) and macrophage-specific gene 1 (28) . Cytochrome b558 is part of the NADPH oxidase complex, which is responsible for the oxidative burst of phagocytes, including microglia (29) . DAP12, a tyrosine protein kinase binding protein, was originally described in natural killer cells (30) but later was also found in monocytes and microglia (31) . Cathepsin Z has been found in phagosomes of macrophages (32) . Complement C1q is specifically and dramatically increased in microglia in transient global cerebral ischemia (33) . C1q and complement C4 are produced by microglia (34) but also by other brain cells in Alzheimer's disease (35) . It is noteworthy that the increase in transcripts observed in the cortex of MPS I and MPS IIIB mice is an early event, seen by 1 month of age. It precedes the behavioral abnormality in an open field test, which was observed in MPS IIIB mice at 4.5 months but not at 2.5 months (4). Finally, the preliminary evidence for increase in IFN-␥ and its receptor indicate an inflammatory response in the brain; IFN-␥ is produced by microglia and astrocytes (36) as well by activated macrophages (37) .
Our histological and molecular results do not discriminate between an expansion and activation of microglia already present in the brain, an influx and activation of monocytes from blood, or a combination thereof. However, the distinction bears primarily on the mechanism underlying the appearance of antigens and the increase in certain transcripts. Regardless of whether the mechanism involves activation of preexisting microglia and up-regulation of gene expression in these cells and͞or an admixture and activation of blood monocytes displaying the antigens and transcripts, the effect is the same. The cortexes of the MPS IIIB and the MPS I mice show a marked increase in functions associated with cells of the macrophage͞ monocyte lineage. An important question, relevant to development of therapy, is whether this increase results in an exacerbation of the disease process. At the very least, microglia should be considered a target cell in therapeutic strategies. The numbers represent the fold-increase of the transcripts, determined by Northern blot quantitation as described in Methods.
